The evolution of self-sustained reaction-rate oscillations in the catalytic oxidation of propane over a nickel foil has been studied in situ using X-ray photoelectron spectroscopy coupled with on line mass spectrometry and gas chromatography. Changes in the effective surface area and in the catalyst morphology under reaction conditions have been examined by scanning electron microscopy and a krypton adsorption technique. It is shown that the regular kinetic oscillations arise under oxygen-lean conditions. CO, CO 2 , H 2 , H 2 O, and propylene are detected as products.
Introduction
Nonlinear behavior, such as self-sustained reaction-rate oscillations, is a widespread phenomenon in heterogeneous catalysis. To date the self-sustained kinetic oscillations have been observed in approximately 40 catalytic reactions in a wide pressure range from ultrahigh vacuum up to atmospheric pressure over all types of catalysts including single crystals, polycrystalline foils, wires, foams, and supported catalysts [1] [2] [3] [4] . A wide class of these reactions is the oxidation of hydrocarbons over transition metals. For instance, self-sustained rate oscillations have been noted in the oxidation of methane, ethane, propane, and butane over supported and unsupported catalysts based on Ni, Co, Pd, Pt, Rh, and Ru [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The distinctive features of these oscillations are their long periods, ranging from several seconds to tens of minutes, and an induction period before the appearance of the regular oscillations. These oscillations arise under oxygen-lean conditions. For instance, the oscillations in the oxidation of propane over Ni exist when the propane/oxygen molar ratio ranges from 3/1 to 15/1 [25] . Besides, strong reaction-induced changes in the catalyst morphology are observed during the oscillations [11, 15, 23] .
It is generally thought that these oscillations arise from repetitive cycles of oxidation and reduction of the metal surface, and the detailed nature of the oscillations depends on the relative activities of the oxidized and reduced surfaces. Recently, it has been confirmed directly by the results of in situ studies [25] [26] [27] . However, the reasons that initiate the appearance of these oscillations are not clear yet. The aim of the present work was to investigate in detail the evolution of self-sustained rate oscillations in the oxidation of propane over nickel. Earlier, it was found that the regular oscillations in this catalytic system appear at a pressure of about 1 mbar [23] . It allowed us to apply surface sensitive techniques such as X-ray photoelectron spectroscopy (XPS) coupled with on line mass spectrometry (MS) and gas chromatography (GC) for the in situ study of this phenomenon [25] . XPS is a powerful tool of the heterogeneous catalysis to investigate both the surface composition and the nature of adsorbed species, while mass spectrometry can provide the abundance of products and reactants in the gas phase [28, 29] .
The usage of gas chromatography allows us to measure the conversion of reagents and selectivity toward the main reaction products during the oscillations. Also, the effective surface area and the morphology of nickel foils used as the catalyst were examined by scanning electron microscopy (SEM) and a krypton adsorption technique before and after the appearance of the regular oscillations.
Experimental section
The in situ experiments were performed at the Innovative Station for In Situ Spectroscopy (ISISS) beamline at the synchrotron radiation facility BESSY II (Berlin, Germany). The experimental station was described in detail elsewhere [29] . In short, this station is equipped with an electron energy analyzer PHOIBOS-150 (SPECS Surface Nano Analysis GmbH), a gas cell, and a system of electron lenses. The lens system was combined with three differential pumping stages that provided UHV conditions in the electron energy analyzer even when the pressure in the gas cell reached 10 mbar. The high brilliance of the synchrotron radiation combined with a short travel length of the photoelectrons through a "high-pressure" zone in the gas cell allowed us to obtain high-quality core-level spectra under flow conditions with time resolution of approximately 100 seconds.
In all the experiments, rectangular pieces of a 0.125 mm thick nickel foil (purity 99.99%, Advent Research Materials Ltd.) were used as the catalyst. In the XPS experiments, a sample 9×9 mm in size was mounted on a sapphire sample holder between a SiC plate and a stainless steel plate, which had a hole of 8 mm in diameter for measuring the core-level spectra of the catalyst surface. The sample was heated from the rear via the SiC plate with a NIR semiconductor laser (λ = 808 nm). This system allowed us to heat the sample up to 1000 C in vacuum. The sample temperature was monitored with a K-type thermocouple spot-welded directly to the foil edge. The station was also equipped by an extractor type ion source operated at 10 -4 mbar of argon, which can be used for cleaning the surface of samples under study.
The propane and oxygen flows were regulated separately with mass-flow controllers (Bronkhorst High-Tech BV). The total pressure of the reactant mixture in the gas cell was measured with a MKS type 121A baratron (MKS Instruments Inc.). During the experiments, the total pressure in the gas cell was kept at a constant level of 0.5 mbar using a special automatic pumping system [29] . The gas-phase composition was monitored continuously with an on line quadrupole mass spectrometer Prizma QMS-200 (Pfeiffer Vacuum GmbH) connected through a leak valve to the gas cell. The GC analysis was made using an on line four-channel micro gas chromatograph CP-4900 (Varian Inc.) equipped with thermal conductivity detectors. Because the gas chromatograph can sample gas mixtures only at atmospheric pressure, in our experiments the sampling was performed in the outlet of the automatic pumping system consisted of a turbo pump ventilated by dry N 2 and coupled with a membrane pump which provided the compression of the gas mixture from 0.5 mbar to 1 bar. Before the experiments, the gas chromatograph was calibrated with respect to propane, oxygen, and the main reaction products: C 3 H 6 , CO, CO 2 , H 2 , and H 2 O. The selectivity (S i ) toward a product i (propylene, CO, or CO 2 ) was calculated using the partial pressures of products (p i ) determined by GC and inverse values of the stoichiometric coefficients (k i ) according to a formula as follows:
where k i = 1/3 for CO and CO 2 , and k i = 1 for C 3 H 6 .
All the photoelectron spectra were collected at the normal emission at the constant pass energy of 10 eV; their intensities were normalized to the ring current. The Ni2p 3/2 , O1s, and C1s core-level spectra were obtained with photon energies of 1050, 730, and 485 eV, respectively, that provided the same kinetic energy (approximately 200 eV) for each region and, correspondently, the same analysis depth of approximately 1.7 nm. In all cases, the valence-band spectra were acquired at the same photon energy as an adjustable spectrum. The positions of the photoelectron peaks on the binding energy scale were referenced to the Fermi edge of nickel in the metallic state.
All spectra were analyzed using the CasaXPS software [30] . A Shirley-type background was subtracted from each spectrum. The line shape used for fitting the Ni2p 3/2 spectra of nickel in the oxidized state and the O1s spectra was the product of Lorentzian and Gaussian functions.
An asymmetric, so-called LF [30] line shape was used for approximation of the Ni2p 3/2 spectra of nickel in the metallic state. Note that the asymptotic form of the LF line shape is equivalent to the asymptotic form of the theoretical Doniach-Sunjic asymmetric line shape. However, this new line shape describes the asymmetric XPS peak more correctly than the conventional DoniachSunjic function does because the LF function is finite. The parameters of all peaks observed in the Ni2p 3/2 and O1s spectra are summarized in supporting information, Table S1 .
The effective surface area and the morphology of nickel foils before and after the appearance of the regular oscillations were examined using scanning electron microscopy and a gas adsorption technique. The catalytic testing of these foils was performed on a flow reactor equipped with a quadrupole mass spectrometer (see details elsewhere [22, 23] ). Because the effective surface area of the samples was extremely small, we used Kr adsorption at 77 K, which is a much more sensitive technique compared to conventional methods based on N 2 and Ar adsorption. Isotherms of krypton adsorption were measured using an adsorption analyzer ASAP 2010 (Micromeritics Instrument Corp.). The surface area was calculated using the BrunauerEmmett-Teller (BET) method. The cross-section area of Kr molecules was assumed to be equal to 21.0 Å 2 . Before measurements, all the samples were degassed at 200 °С in vacuum for 1.5 h.
The surface morphology was studied using a scanning electron microscope LEO 1430 (Carl Zeiss) and a focused ion beam (FIB) system Crossbeam 1540XB (Carl Zeiss). Surface profiling measurements were performed using a FIB "lift-out" technique for the cross section preparation of the sample under study [31] . For this purpose, a rectangular pit in a nickel foil was milled using a focused Ga + ion beam. Then the sample was tilted to a steep angle (54), and SEM images of a sidewall of the pit were obtained.
Results

In situ study
In the first part of our study we investigated how the rate oscillations propagate in time during the catalytic oxidation of propane over a Ni foil using on line mass spectrometry and gas chromatography. Simultaneously, the catalyst surface was examined by X-ray photoelectron spectroscopy. In this experiment, at first, the surface of the Ni foil was cleaned by the Ar-ions sputtering (2 keV, 4 μA/cm 2 ) at room temperature for 1.5 h. After that the sample was put into the gas cell and then a flow of a mixture of propane and oxygen was set. Finally, the Ni foil was heated to approximately 680 °С by the NIR laser using a fixed power regime. The oxygen flow was 0.5 sccm and the propane flow was 4.5 sccm, which provided the propane/oxygen molar ratio of 9/1. According to our previous study [25] , these conditions are appropriate for the appearance of the self-sustained kinetic oscillations. Indeed, the relaxation-type oscillations which can be described as fast evolution (jump up and jump down) between "low-active" and "high-active" states were detected by both mass spectrometry and gas chromatography.
However, a long induction period was observed before the appearance of the regular oscillations.
The propagation of the oscillations in the production of hydrogen detected by mass spectrometry is shown in Fig. 1 . One can see that most of the time the catalyst has low activity, and periodic peaks of H 2 arise, indicating a transition of the catalyst to the high-active state.
Irregular peaks with small amplitude are observed after 1.5 hours, whereas the first peak with high amplitude appears after 5.5 hours. The regular high-intense oscillations start only after 9 hours. CO forms simultaneously with H 2 , and as a result the shape and the position of CO peaks (not shown) coincide with the H 2 peaks. According to the on line GC measurements, the conversion of propane oscillates in the range from 1% to 23%. Propylene, CO, CO 2 , H 2 , and H 2 O were detected by gas chromatography as products. It means that at least three catalytic reactions proceed after heating of the Ni foil in the reactant mixture: the partial oxidation of propane (1), the total oxidation of propane (2) , and the direct dehydrogenation of propane to propylene (3):
Certainly, the oxidative dehydrogenation of propane can also occur. Table 1 presents the conversion of propane and the selectivity toward the main reaction products measured in the experiment by gas chromatography in the characteristic moments.
After the high-intense oscillations commence, in the moments when the conversion of propane is high (around 18-23%), the selectivity toward CO achieves 96-98%, while the selectivity toward by-products, such as CO 2 and C 3 H 6 , is only 1-3% (Table 1 ). According to our estimations, the selectivity toward H 2 in this case ranges between 63% and 82%, and we can speculate that the catalyst in the high-active state catalyzes the oxidation of propane to mainly CO and H 2 , but hydrogen partially is oxidized to water. In contrast, when the conversion is low (around 2-3%), the selectivity toward CO is also low in a range of 59-75% and the selectivity toward CO 2 and C 3 H 6 varies in the ranges of 8-14 and 16-30, respectively (Table 1) . Therefore, all three reactions mentioned above (1 -3) proceed over the catalyst in the low-active state.
Note that after heating the foil in the reactant mixture up to 680 °С, the conversion of propane at first decreases from 0.6% to 0.1% and then increases slowly up to approximately 2% (Table 1) . Simultaneously, a background MS signal of H 2 slightly increases with time as well ( The Ni2p 3/2 spectrum obtained in vacuum after the Ar-ions sputtering contains a sharp peak at 852.6 eV, which undoubtedly corresponds to nickel in the metallic state. In spite of the vexed question of the origin of two other weak peaks at 855.5 and 859.0 eV, they are typical of metallic nickel as well. Some authors assign these extra peaks to energy loss peaks due to plasmon excitations in metal [32, 33] , while other authors attribute them to either a final-state shake-up process or an initial-state configuration-mixing effect [34, 35] . Simultaneously, three low-intense peaks are observed at 529.4, 531.4, and 533.1 eV in the O1s spectrum. The first peak can be attributed to chemisorbed oxygen species, whereas two other peaks can refer to some C-O-containing species or molecular water formed on the surface because of the adsorption of residual gases [36] . After setting the flow of the reactant mixture, the intensity of the O1s spectrum increases strongly, however, the spectrum contains the same three peaks with similar relative intensities. The Ni2p 3/2 spectrum changes slightly. One can see an increase in the peak at 855.3 eV due to the formation of a new state that might be associated with surface nickel atoms interacting with adsorbates.
The spectra change significantly after heating the nickel foil in the reactant mixture. The Ni2p 3/2 spectrum shifts to a higher binding energy, and some additional peaks appear, indicating the oxidation of nickel [25] . Certainly, the electronic configuration 3d
ions is responsible for such a complex shape of the spectrum. According to theoretical analysis [37, 38] , the formation of a hole in the 2p core level in transition metals is accompanied by a strong Coulomb repulsion with the holes in the localized 3d orbitals. As a consequence, the photo-ionization of 2p electron is followed by a charge transfer from oxygen ligands to the 3d shell of nickel, leading to the c3d 9 L final state, where c and L refer to the holes in the Ni2p core level and in the ligand band (O2p), respectively. Therefore, the lowest energy of photoelectron peak at 853.9 eV corresponds to the c3d such satellite structures are absent [40] . The satellite at 855.4 eV, which looks as a prominent shoulder of the main line, is interpreted in terms of nonlocal screening of the 2p hole in the NiO structure [37, 38] . The intensity of this peak is highly sensitive to the long-range ordering and, hence, it is the most characteristic feature of bulk NiO. This feature is typically observed in the spectra of thick NiO films, while it is absent in the spectra of monolayer NiO films [38] . This peak is also absent, for instance, in the Ni2p 3/2 spectra of Ni(OH) 2 , etc. [32] . The
Ni2p spectra of a clean Ni foil, a NiO film, and bulk Ni(OH) 2 (Table S1 ). These minor differences suggest that the low-active state is similar to NiO but is probably defect rich and thus without the extended long-range order.
The formation of a thick NiO layer on the foil surface after heating in the reactant mixture is also confirmed by the O1s spectrum, which consists of two peaks. The first strong peak at 529.4 eV undoubtedly corresponds to oxygen in the lattice of NiO. The second weak peak at 531.4 eV can be attributed to hydroxyl groups. Indeed, bulk NiO and Ni(OH) 2 are characterized by the O1s binding energy within the ranges of 529.5-530.2 and 531.2-531.6 eV, respectively [39, 41, 42] . In our experiments, the O1s peaks at 529.6 and 531.4 eV were observed in the spectra of NiO and Ni(OH) 2 (Fig. 3) . It should be stressed that the peaks in the Ni2p 3/2 and O1s spectra of the catalysts in the low-active state have a slightly larger width than the same peaks in the spectra of reference NiO (Table S1 ). This indicates that the nickel oxide formed on the catalyst surface under reaction conditions has a defective structure.
The Ni2p 3/2 and O1s core-level spectra obtained after the high-intense oscillations commenced in the moments of high and low conversion of propane correspond to nickel in the metallic state and NiO, respectively. Indeed, the spectra of the catalyst in the low-active state before and after the oscillations commenced do not differ and correspond mainly to NiO (Fig. 2) .
The Ni2p 3/2 spectrum of the catalyst in the high-active state consists of a sharp peak at 852.6 eV and weak peaks at 855.5 and 858.2 eV. The corresponding O1s spectrum consists of two weak peaks at 529.4 and 531.4 eV. The sharp peak at 852.6 eV is attributed to nickel in the metallic state. It should be noted that in this case the satellite structure of the Ni2p 3/2 spectrum is more prominent than that of the fresh foil ( Fig. 2) but is less prominent than that of the clean Ni foil (Fig. 3) . It is more probably that the intensity of the satellite structure is sensitive to the surface contaminates indicating that these peaks are originated from the surface and bulk plasmon excitations in metallic Ni. The amount of nickel carbide, which is characterized by a similar value of the Ni2p 3/2 binding energy and can be formed under these reaction conditions, is negligible, because the C1s spectrum in this case does not exhibit any features at 282-283 eV that are typical of nickel carbide. Moreover, the C1s spectra acquired in the moments of high and low conversion of propane do not contain any features in the range between 281 and 290 eV.
The C1s spectra are presented in Fig. S1 of the supporting information. Therefore, the O1s peaks at 529.4 and 531.4 eV can be attributed to atomic oxygen and hydroxyl groups adsorbed mainly on metallic nickel. The presence of a small amount of NiO also cannot be excluded because according to the literature, the O1s binding energies of chemisorbed oxygen and oxygen in the lattice of NiO are almost the same differing by less than 0.3 eV [42] . However, taking into account the shape of the Ni2p 3/2 spectrum, the total amount of oxidized nickel in the surface and subsurface region in this case does not exceed 10%.
In the next experiment the periodic oxidation and reduction of nickel in the near surface region are observed by XPS during the regular self-sustained reaction rate oscillations. In this case, we measure the time-resolved core-level spectra simultaneously with the gas phase composition by mass spectrometry. In full agreement with our previous study [25] , it has been found that the high-active catalyst surface is represented by metallic nickel, whereas the catalyst surface is covered with a layer of NiO when the catalyst demonstrates the low activity in the oxidation of propane. The thickness of the NiO layer is at least 3 nm [25] . Correspondingly, when the catalyst passes from the low-active state to the high-active state, the integral intensity of the O1s spectra decreases, and vice versa, the reverse transition is accompanied with restoring of the integral intensity of the O1s spectra. This process is clearly demonstrated in Fig. 4 . One can see that when the catalyst is in the high-active state, the concentration of oxygen in the gas phase is low, while the yield of CO is high. At the same time, the intensity of O1s spectra follows the oscillations of oxygen in the gas phase.
Ex situ surface morphology and effective surface area measurements
In the second part of our study, the surface morphology and the effective surface area of a nickel foil before and after the appearance of the oscillations are examined, providing new insights into the structural changes during the oscillation behavior of this catalytic system. As mentioned above, after heating a clean nickel foil in the reactant mixture to 680 °С, the conversion of propane at first slightly decreases and then slowly increases (Table 1) . Taking into account the XPS data and the fact that the activity of nickel in the metallic state is higher than the activity of nickel oxide, we can postulate that the conversion of propane undoubtedly decreases because of the oxidation of nickel in the first moment. However, the following increase in the activity cannot be caused by chemical changes in the near surface region of the catalyst, because the Ni2p and O1s core-level spectra do not exhibit any new features (Fig. 2) . Moreover, it is not clear why the H 2 peaks strongly increase after the induction period (Fig. 1 ). More probably, this effect can be caused by strong reaction-induced changes in the catalyst morphology, which in part is accompanied with the increase in the effective surface area. To confirm this hypothesis, the morphology of the nickel foils is examined by scanning electron microscopy. It has been found that the surface of nickel foil after the Ar-ion sputtering and heating in vacuum to 1000 °С is mainly smooth and flat (images not shown), although some textural damages caused by the manufacturing process are observed. In the precision SEM images, irregular hill-and-valley structures can be discerned. Such morphology is similar to that reported in the literature for a clean polycrystalline metal surface [43] [44] [45] . In contrast, after a treatment in the reactant mixture, the surface becomes very rough (Fig. 5) . It should be noted that the treatment is performed in the flow reactor [22, 23] in order to increase the reaction pressure and temperature. Previously, we have shown that the duration of the induction period depends on reaction conditions and decreases strongly with increasing temperature and pressure [23] . In these experiments, the pressure is 5 mbar, temperature is 710-740 °C, and the propane/oxygen ratio is 9/1. Under these conditions, the induction period is approximately 30 min that allows us to accelerate the investigations significantly. (Fig. 5a ) reveals excrescences, which cover the surface uniformly. A characteristic size of the excrescences is 5-10 µm. Previously, extensive reconstruction of the catalyst surface and development of similar excrescences that look like "cauliflowers" have been observed on Pt-Rh wires during the catalytic oxidation of ammonia [46, 47] . In our case, the reconstruction develops the structure that is more similar to "rock fill". Indeed, the image obtained at a higher magnification (Fig. 5b) clearly demonstrates that these excrescences have an irregular "rocky" shape. Moreover, the excrescences have a polycrystalline structure and consist of many crystallites with a size of several tens of nanometers. Well-defined steps, terraces, and crystallites with a cubic shape can be discerned as well (Fig. 5c) . The last is typical of metallic nickel, which has the face-centered cubic structure.
A cross section image presented in Fig. 5d clearly demonstrates that the reconstruction affects the upper layer of the foil, approximately 10 µm thick. This reconstructed layer has a roughened surface and, moreover, a number of submicron-sized pores can be observed.
Obviously, such reconstruction results in an increase in the effective surface area. According to the krypton adsorption measurements, the effective surface area of the sample is approximately 380 cm 2 , while the total geometric surface area is only 4.8 cm
2
. It means that the effective surface area of the catalyst enlarges under these reaction conditions at least 80-fold and this is the main reason why the H 2 and CO peaks strongly grow in intensity after the induction period (Fig. 1) . This finding clearly indicates that the evolution of self-sustained reaction-rate oscillations is likely to be associated with slow reversible transformation of the catalyst.
We have studied the reconstruction process in detail using scanning electron microscopy. (Fig. 6a,b,c) . This structure is similar to a metal foam [48, 49] or to hierarchically sponge-like macro-/mesoporous titania [50] .
Most probably, these pores are formed as a result of the cyclical oxidation and reduction of nickel, because the molar volumes of NiO and Ni differ significantly (11.2 and 6.6 cm 3 /mol, respectively). On the surface of sample 2, the porous structure is also observed; however, long treatment in the reactant mixture causes formation of new entities (Fig. 6d,e,f) . These entities are similar to the excrescences depicted in Fig. 5a and have a characteristic size of approximately 10 μm. The further treatment leads to the full disappearance of the porous structure, and the surface of sample 3 is covered by the excrescences (Fig. 6g,h,i ) that are similar to the "rock fill" depicted in Fig. 5b .
Finally, to compare the reactivity of the nickel foil with the reactivity of real catalysts, we estimated the turnover frequency (TOF) of the oxidation of propane over NiO and over metallic nickel using the effective catalyst surface and the conversion of C 3 H 8 measured by massspectrometry (Fig. 4) , depending on the space velocity of the reactant mixture.
Discussion
Analysis of literature data indicates that the emergence of self-sustained kinetic oscillations in heterogeneous catalytic systems is mostly associated with changes in the structure or chemical composition of the surface and subsurface layers of catalysts [1] . For instance, the most famous mechanism, which is referred to in the literature as the reconstruction mechanism, was drawn The oscillations can also arise due to the faceting of the catalyst surface. Usually, the faceting is determined as a process that causes an initially flat, single-crystal surface to separate into two (or three) other surface orientations. The driving force of the faceting is minimization of the surface free energy. Surface reorganizes into lower energy configurations via the localized surface diffusion most likely without volatilization or any loss of mass. Of course, the dissolution of small atoms such as H, C, and O into the subsurface layers might induce the faceting as well [43] [44] [45] . Such structural transformations are associated with changes in the oxygen sticking coefficient and, hence, in the reactivity. The periodic switching between these states of low and high activity gives rise to the observed modulation of the reaction rate as it is observed in the oxidation of CO on Pt(110) under UHV conditions [1] . More recently, Vendelbo et al. [54] , using in situ time-resolved high-resolution transmission electron microscopy coupled with mass spectrometry, have shown that periodic changes in the oxidation of CO at atmospheric pressure are synchronous with a periodic faceting of Pt nanoparticles. It means that this so-called faceting mechanism can exist in a wide pressure range from UHV to elevated pressures.
Two other popular mechanisms link the rate oscillations to a periodic deactivation of the catalyst surface because of either the accumulation of carbonaceous deposits or the formation of a surface oxide layer. The carbon mechanism was first suggested by Burrows et al. [55] and further developed by Collins, Sundaresan, and Chabal in 1985 [56] . The mechanism is based on the combination of the Langmuir-Hinshelwood surface reaction, a slow catalyst deactivation via the carbon deposition, and a reactive regeneration of these deactivated sites by oxygen. More recently, Figueroa and Newton [57] have shown that this mechanism describes well the oscillatory behavior of the oxidation of CO over rhodium at atmospheric pressure. They have found that the spontaneous oscillations during the oxidation of CO over Rh/Al 2 O 3 catalysts are due to the dissociation of CO followed by the subsequent adsorption and combustion of atomic carbon. The oxidation-reduction mechanism, which is also referred to as the STM mechanism, was developed by Sales, Turner, and Maple [58] in the early 1980s for the explanation of kinetic oscillations in the oxidation of CO on polycrystalline Pt, Pd, and Ir at near atmospheric pressure.
They suggested that the self-sustained oscillations occur between two branches of the LangmuirHinshelwood surface reaction mechanism, and the slow oxidation and reduction of the metal surface layer induces the transition between these branches.
All the mechanisms mentioned above cannot predict the induction period before the appearance of regular oscillations. Moreover, we observe that the strong reconstruction of the catalyst surface affects several thousands of upper atomic layers of a Ni foil during the oscillations (Fig. 5) . Besides, in contrast to the STM mechanism, the oscillations in the oxidation of propane over nickel are controlled by the reversible bulk oxidation of Ni to NiO. Indeed, in our experiments we note that not only the topmost metal layers is oxidized, but a thick NiO film forms and disappears periodically over the nickel foil during the oscillations in the oxidation of propane (Fig. 2) . The high-active catalyst surface is represented by metallic nickel. The spontaneous transition from the high-active state to the low-active state is accompanied with the growth of the NiO film over the catalyst surface. In our previous in situ XPS study [25] , it has been shown that a thickness of the NiO film is at least 3 nm, which corresponds to at least 7 atomic layers. During the reverse transition, the catalyst surface undergoes the full reduction.
The switching between the metallic and oxide states shows a significant decrease in the catalytic activity (Fig. 4) . According to the simultaneous XPS and GC measurements (Fig. 2, Table 1 ), the activity of metallic nickel is approximately 10 times higher than that of NiO. This, together with the variation in the product distribution observed for the high active and low active states, suggests the changes in the reaction mechanisms. We suppose that the Langmuir-Hinshelwood mechanism is realized for the propane oxidation over the metallic Ni surface, whereas the reaction over NiO follows the Mars-van Krevelen mechanism. In the latter case, the oxidation of propane by NiO lattice oxygen, leading to the reduction of nickel, is coupled with the subsequent reoxidation of the reduced surface by oxygen from the gas phase. On the metallic surface, the main reaction route is the partial oxidation of propane to CO and H 2 , while over the oxidized surface the partial oxidation of propane, the total oxidation of propane to CO 2 and water as well as the dehydrogenation of propane to propylene occur.
A similar mechanism was previously proposed by Hendriksen and co-workers [59] for the rate oscillations in the oxidation of CO over Pt(110) and Pd(100) single crystals observed under near atmospheric pressure (~0.5 bar). The authors supposed that the rate oscillations were not due to the bistability in the Langmuir-Hinshelwood kinetics, but arose from the periodic switching between the low-reactive metallic surface and the high-reactive oxide surface. The reaction over metallic surface follows the Langmuir-Hinshelwood mechanism, whereas metal-tooxide transition changes it to the Mars-van Krevelen mechanism. However, afterward this mechanism was subjected to criticism. In contrast to results by Hendriksen et al. [59] obtained in the mbar pressure range, no surface oxides were detected by XPS on the Pt(110) surface during the oxidation of CO [60] . Therefore, some additional experiments are needed for explaining these discrepancies. At the same time, it seems that the STM mechanism, as well as the subsurface oxygen mechanism [61] based on the assumption that the rate oscillations in catalytic activity are caused by the variation of the oxygen sticking probability under the influence of subsurface oxygen species, is realized only under vacuum conditions. At elevated pressures, the self-sustained rate oscillations in catalytic oxidation reactions over transition metals are more probably to follow the redox mechanism based on the reversible bulk oxidation of the catalyst. In full agreement with this hypothesis, the mathematic modeling of the oxidation of methane over nickel confirmed that the rate oscillations can arise because of the periodic oxidation and reduction of nickel [62] and that metallic nickel in this reaction is more active than NiO.
Hence, our experiments clearly demonstrate that the reaction rate oscillations in the catalytic oxidation of propane are originated from the reversible oxidation of Ni to NiO that is accompanied with changing the reaction mechanism from the Langmuir-Hinshelwood mechanism to the Mars-van Krevelen mechanism; metallic Ni in this reaction is more active than NiO, at least under used conditions. This finding contradicts several recent reports on catalytic oxidation chemistry. Indeed, it is considered that late transition metal oxides such as RuO 2 , PdO, and IrO 2 are more active in the catalytic oxidation of CO and hydrocarbons than corresponding metals [63] . For example, Martin et al. [64] studied the oxidation of methane on Pd(100) and showed that the high activity was achieved when a two-layer oriented film of PdO(101) was formed on the palladium surface. Using DFT calculations, they showed that the presence of oxygen atoms directly below coordinatively unsaturated (cus) palladium atoms in the two-layer oxide film is crucial for efficient dissociation of methane. Unfortunately, the surface structure of NiO under reaction conditions is not yet fully understood and thus we cannot make definitive conclusions about the main reasons for the lower reactivity of NiO in comparison with metallic Ni. A possible reason for this could be a lack of cus-sites at the predominant facets of formed NiO. Differences in the electronic structure between NiO and PdO or RuO 2 could also be important. Another important difference may arise from the energetics of extracting lattice oxygen from the oxides, which may even invert the reactivity order oxide-to-metal in this system.
It should be noted that some reactions indeed can proceed via both the LangmuirHinshelwood and the Mars-van Krevelen mechanisms depending on experimental conditions and a catalyst type [65] [66] [67] [68] . For instance, the oxidation of methane over Pt-based catalysts proceeds via the Langmuir-Hinshelwood mechanism, whereas over Pd-based catalysts, the oxidation of methane proceeds via the Mars-van Krevelen mechanism under the same experimental conditions [65] . In the first case, platinum is mainly in the metallic state, while in the second case, small PdO particles form over the catalyst surface. It means that platinum in the metallic state is more stable in the oxidation of methane than platinum oxides, whereas a strong interaction of palladium with a support stabilizes PdO nanoparticles at the same reaction conditions. In contrast, both Ni and NiO are unstable in the oxidation of propane and the self- (Fig. 1) . On the other hand, without such reconstruction of the catalyst surface, the appearance of self-sustained regular oscillations in the catalytic oxidation of light hydrocarbons over catalysts with a low specific surface area (single crystals, foils, or wires) can be limited by a low rate of these reactions. It is more probably that the synchronization of separated oscillators over the catalyst surface proceeds via the gas and/or surface diffusion [69, 70] . However, in both cases, increasing the reaction rate (or catalyst activity) leads to an increase in the feedback intensity and initiates the appearance of the regular self-sustained oscillations [71] .
The reasons for the spontaneous transition between the active and inactive states, i.e.
between metallic Ni and NiO, are not clear yet. One of the possible mechanisms is developed by
Hendriksen et al. [72] , who proposes that formation and annealing of surface atomic steps is a driving force for the reduction-oxidation of palladium during oscillations in the oxidation of CO at near atmospheric pressure. Using operando X-ray diffraction technique, they identify the processes of smoothening of the metal surface and roughening of the oxide surface during inactive and active half-periods of the oscillations, respectively. These findings are supported by thermodynamic calculations, which indicate that, if the metallic surface becomes smoother, the metal-to-oxide phase transition is energetically advantageous. It should be underlined that these observations and interpretation of the kinetic oscillations are in disagreement with existing models of the rate oscillations observed in the oxidation of CO over Pt-group metals, because it is suggested that the metal surface is characterized by a low activity while the thin oxide layer over Pd(110) is characterized by a high activity. Moreover, Zhu et al. [73] studied the oxidation of Pt(111) and Pt(557) by high-pressure scanning tunneling microscopy and ambient-pressure XPS and found that low-coordinated step atoms are more active than terrace sites in the reactions with O 2 . They showed that the step sites are the nucleation centers for the formation of surface oxide clusters.
It is more probably that dissolved or subsurface oxygen in metallic nickel and/or defects in NiO play an important role for the feedback mechanism of kinetic oscillations in the oxidation of propane. We can speculate that the transition between the high-active and low-active states in this catalytic reaction proceeds through some transient states, which are similar to a solid solution of oxygen in metallic nickel or to highly defective nickel oxide. Earlier, Rodriguez et al. experiments with an X-ray diffraction technique or EXAFS are needed for the elucidation of this mechanism in detail.
Conclusions
We have investigated the evolution of self-sustained rate oscillations in the catalytic oxidation of propane over a nickel foil using in situ time-resolved X-ray photoelectron spectroscopy coupled with on-line mass spectrometry and gas chromatography. In addition, changes in the effective surface area and in the catalyst morphology under reaction conditions have been examined by scanning electron microscopy and a krypton adsorption technique. Using this combined approach, we have shown that the driving mechanism for the self-sustained kinetic oscillations is periodic bulk reoxidation of nickel. The high-active catalyst surface is represented by metallic nickel, whereas it is covered with a thick layer of NiO during the lowactive half-periods. On the metallic surface, the oxidation of propane proceeds via the LangmuirHinshelwood mechanism, while over the oxidized surface, the reaction proceeds via the Marsvan Krevelen redox mechanism. The periodic reduction and oxidation of nickel leads to a formation of a rough and porous structure of the nickel foil surface with a thickness of approximately 10-20 µm. This process is accompanied with approximately an 80-fold increase in the effective surface area. This effect provokes a long induction period that is characterized by the low activity of the catalyst, after which the regular oscillations with high amplitude arise. We believe that without such reconstruction, the self-sustained rate oscillations in the catalytic oxidation of light hydrocarbons over catalysts with a low specific surface area (single crystals, foils, or wires) cannot arise because of low activity of these catalysts. Considering the oxidation of propane as a case reaction, we suppose that the self-sustained kinetic oscillations in the oxidation of other light alkanes over transition metals (such as Ni and Co) proceed via a similar mechanism.
These results further demonstrate both the importance of time-resolved in situ measurements to gain insight into oscillated catalytic systems and the potential power of the combination of multiple experimental techniques.
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